Effects of harvesting ruminal micro-organisms from ruminal¯uid on patterns of gas production were investigated in experiment 1 by incubating 200 mg DM of pure cellulose, oatfeed, ryegrass, cocksfoot, wet and dry season kikuyu grasses with either diluted ruminal¯uid or harvested ruminal bacteria. Gas production degradability parameters obtained from ®tting the data to the model Gas B(1 À exp ÀCtÀLag ) after correcting gas volumes for the fermentation of soluble material did not differ between these two treatments. In experiment 2, the effect of ammonia concentration on the digestibility and gas production degradability parameters of NDF prepared from cellulose, guinea, star grass, Brachiaria decumbens and wet season kikuyu grass was studied using harvested ruminal bacteria as the inoculant. An ammonia concentration of 25 mg N/l was suf®cient to enable the maximum digestibility of NDF whilst one of between 50 and 100 mg N/l, depending on the availability of fermentable NDF, was necessary to achieve the potential rate of NDF fermentation. #
Introduction
Many factors in¯uence the rate of fermentation of feeds. These include intrinsic characteristics of the carbohydrate fraction, such as the proportion of starch or cellulose and the extent of ligni®cation of the cell wall. An important extrinsic factor is the supply of fermentable nitrogen required by micro-organisms to enable them to synthesise cellular constituents such as proteins and nucleic acids required for growth.
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The simplest form of fermentable nitrogen is ammonia, which is often preferred by micro-organisms (Hungate, 1966) . Many studies have looked at the effect of the ruminal ammonia concentration on feed degradation, microbial protein synthesis and microbial out¯ow. Based on in vivo studies, Hume et al. (1970) reported that the ammonia concentration at which microbial synthesis of protein was maximal was 88 mg N/l but that the¯ow of microbial protein from the rumen was highest with an ammonia concentration of 133 mg N/l. Allen and Miller (1976) found that the greatest¯ows of non-ammonia nitrogen through the abomasum were achieved when the ammonia concentration in the rumen was between 160 and 220 mg N/l. Miller (1973) recommended 289 mg ammonia N/l to optimise intake and microbial out¯ow, whereas Mehrez et al. (1977) , using an in situ method, found that an ammonia concentration of 200 mg N/l was required to obtain the maximum rate of disappearance of barley DM in sheep. Similarly, Wallace (1979) observed that increased in situ DM and CP degradation rates of barley grain were accompanied by increased bacterial growth when rumen ammonia concentration was increased from 97 to 214 mg N/l. Krebs and Leng (1984) found that the rate of in situ degradability of cotton wool was enhanced with increasing levels of rumen ammonia up to 210 mg N/l but that levels of 50 mg N/l were suf®cient to maximise the rate of disappearance of oaten chaff. Boniface et al. (1986) found that the maximum rate of disappearance (in situ) of grass hay was observed at ammonia levels of about 50 mg N/l. Erdman et al. (1986) reported that in situ degradation rates plateaued at ammonia concentration in excess of 200 mg N/l and concluded that the nitrogen requirement to achieve maximum rate of degradation of DM or NDF was dependent on the potential degradability of feed.
In vitro techniques have also been used. Oosting et al. (1989) , using a technique based on Tilley and Terry (1963) , noted that 100 mg N/l was required for maximum degradation of feed DM or OM. Recently, Dryhurst and Wood (1998) , using a gas production technique based on Theodorou et al. (1994) studied the effect of nitrogen concentration on gas production dynamics of barley straw. They concluded that a minimum ammonia concentration of about 80 mg N/l was needed to achieve maximum degradation of carbohydrate by rumen microbes. However, this nitrogen concentration may underestimate the true concentration of nitrogen available to microbes since the contribution of ammonia in the inoculum was about 28 mg N/l. Satter and Slyter (1974) , using continuous culture fermenters, found that the limiting ammonia concentration was about 20 mg/l but suggested that the ammonia concentration of 50 mg N/l was a practical requirement for maximal microbial growth. Schaefer et al. (1980) , using pure cultures, reported a requirement for a concentration of ammonia of 14 mg N/l to achieve 95% of maximal microbial growth rate.
General guidelines on the level of ammonia concentration needed by rumen microbes to maximise the microbial growth and fermentation process therefore range from 20 mg N/l (Satter and Slyter, 1974; Boniface et al., 1986) to over 200 mg N/l (Miller, 1973; Mehrez et al., 1977; Erdman et al., 1986 ).
In the above reports the endogenous nitrogen supplied by the animal, inoculum or substrate were not controlled. Thus, the nitrogen concentrations indicated may underestimate true nitrogen availability to the rumen microbes. The objectives of this work were (1) to study the effect of harvesting ruminal micro-organisms to remove the fermentable nitrogen present in ruminal¯uid on the gas production pro®les, and (2) to study the effect of fermentable nitrogen availability on NDF degradability using harvested ruminal micro-organisms.
Materials and methods

Animals and diet
Two ruminally ®stulated Suffolk sheep fed 750 g of sheep pellets (338 g of NDF/kg DM and 175 g of CP/kg DM) and 250 g of grass nuts (345 g of NDF/kg DM and 150 g of CP/kg DM) twice a day at 8.00 and 17.00 h were used. Water was available ad libitum.
Inoculum preparation
A sample of rumen contents containing both solid and liquid material was taken before the morning feeding and collected in a pre-warmed vacuum¯ask. In the laboratory, ruminal¯uid was ®ltered through two layers of muslin cloth with the solid material being squeezed lightly. The microbial activity of the strained ruminal¯uid samples was determined by measuring the bacterial DM indirectly from the absorbance of diluted ruminal¯uid at 600 nm (Wells and Russell, 1996) . The strained ruminal¯uid was mixed with anaerobic medium (Menke and Steingass, 1988 ) before or after centrifugation according to the design of each experiment. Once prepared, the suspension of microorganisms was maintained at 398C with CO 2 bubbling through it for approximately 20 min before addition to the gas fermentation syringes.
Experimental treatments
Experiment 1
This experiment was designed to compare the gas production pro®le of harvested rumen micro-organisms with that of strained ruminal¯uid. In six runs, the strained ruminal liquor (2 l) was divided into two portions. The ®rst portion was mixed with anaerobic medium (1:2) and kept at 398C with CO 2 bubbling through it until the time of incubation whilst the second portion was immediately centrifuged at 1000 Â g for 5 min at 308C to harvest the protozoa and fungi (Henning et al., 1991) . The pellet was washed with 50 ml of the anaerobic media and kept at 398C while the supernatant was recentrifuged at 26,000 Â g for 15 min at 308C to harvest bacteria (Henning et al., 1991; Pell and Scho®eld, 1993) . The supernatant was discarded and the bacterial pellet was mixed with 50 ml of media. The pellets were combined and made up to the original volume with anaerobic medium. This suspension of washed micro-organisms was diluted with anaerobic medium (1:2) before addition to gas fermentation syringes. Gas production was measured in the absence of substrate and from the incubation of 200 mg DM a-cellulose (Sigma, Chemical Co. Ltd., Poole, Dorset, UK), oatfeed, ryegrass (Lolium perenne), cocksfoot (Dactyylis glomerata), as well as wet and dry season kikuyu grasses (Pennisetum clandestinum) in 100 ml glass syringes (Fortuna, Germany) separately using suspensions of strained ruminal liquor and washed ruminal micro-organisms. Forage samples were analysed for neutral detergent ®bre (NDF) using a modi®ed micro technique (Pell and Scho®eld, 1993) in which the detergent-insoluble residue is not treated with amylase or ashed. Crude protein (CP) and ash were determined using standard techniques (AOAC, 1980) (Table 1 ).
Experiment 2
This experiment was designed to study the in¯uence of nitrogen availability on the gas production degradability parameters. Strained ruminal¯uid (1 l) was divided into ®ve portions and immediately centrifuged to remove the fermentable N from the inoculum as described in experiment 1. The pellets from both the initial and ®nal centrifugation of each portion were gently resuspended in anaerobic medium and made up to the original volume. Each portion of washed micro-organisms were then diluted with anaerobic medium (1:2) for addition to the gas production syringes. Nitrogen was added as ammonium bicarbonate to give the following concentrations of 0, 25, 50, 100 and 200 mg N l À1 in the ®nal suspension of washed micro-organisms. To maintain a constant level of bicarbonate in the medium, the difference between the standard amount of ammonium bicarbonate and the amount needed to yield the desired concentrations was replaced with sodium bicarbonate. The ammonia concentration (mg N/l) of strained ruminal¯uid, harvested rumen micro-organisms, anaerobic media and ®nal cultures of harvested rumen micro-organisms and media was determined using an ammonia electrode. The ammonia concentrations achieved in the ®nal microbial suspensions were 5.1, 29.9, 54.5, 105.0 and 204.8 mg N/l. About 2 g of NDF from guinea grass (Panicum maximum), star grass (Cydon nlen¯uensis), Brachiaria grass (Brachiaria decumbens) and wet season kikuyu grass were prepared by re¯uxing each forage with neutral detergent solution (without sodium sul®te) according to the method of Van Soest and Robertson (1985) as described by Blu Èmmel and Becker (1997) . After re¯uxing, the NDF was recovered on a sintered glass crucible and rinsed with distilled water ®fteen times. For each ammonium concentration, gas production was measured in the absence of substrate and from the incubation of 200 mg of dry NDF of the above forage samples and a-cellulose in 100 ml glass syringes (Fortuna, Germany). Each combination of ammonium concentration and substrate was replicated four times. NDF residues were collected at the end of the incubations for estimation of NDF digestibility (NDFD) using a modi®ed micro technique (Pell and Scho®eld, 1993) . The contents of each syringe were emptied into 100 ml medical¯at bottles and washed three times with 5 ml of ND solution, the washings being added to the appropriate bottle.
Gas production measurements and analytical procedures
Measurement of in vitro gas production was completed as described by Jessop and Herrero (1996) . The cumulative gas production for each syringe was recorded at 1, 2, 3, 4, 5, 6, 8 h; thereafter every 4 h until 60 h, and then at 72, 84, 96 and 120 h, and were corrected for gas produced in the absence of substrate. In experiment 1, where soluble carbohydrate was present for some substrates, the gas produced at 4 h was assumed to be a measure of soluble carbohydrate (A) and cumulative gas volumes were further corrected for this . The resulting pattern of gas production was analysed by ®tting of the model Gas B(1Àexp ÀC(tÀLag) ) (Krishnamoorthy et al., 1991) using the Marquart algorithm as implemented by GraFit (Leatherbarrow, 1992) . This model was chosen because of the biological relevance of its parameters, where B is the asymptotic gas production from the fermentation of NDF (ml), C the fractional rate of gas production (h À1 ), t is time (h) and Lag the lag phase before the fermentation of NDF begins (h).
Statistical analysis
Paired T tests were used to compare the degradability parameters of feed between harvested and unharvested ruminal micro-organisms in experiment 1. A general linear model was used to compare effects of ammonia concentration and substrate, and their interactions, for both gas production parameters and NDFD in experiment 2. The statistical package Minitab (1993) was used for these purposes. Least signi®cant differences were calculated from the standard error of the differences between means.
Results
Effect of harvesting ruminal micro-organisms on gas production dynamics
The method used to harvest micro-organisms did not appear to alter the microbial concentration of the inoculant as judged by the volume of gas produced from syringes with no added substrate; these averaged 21.3 ml and did not differ between experiments or with ammonia concentration. The estimated parameter values for in vitro gas production dynamics of cellulose, wet and dry season kikuyu grass, ryegrass, cocksfoot, and oatfeed incubated either in harvested or unharvested ruminal liquor microbes are in Table 2 . There were no differences due to harvesting of ruminal micro-organisms.
The in¯uence of nitrogen concentration on gas production dynamics and NDFD
The NDF digestibility (NDFD) and the estimated gas production degradability parameters of the NDF fractions of cellulose, wet season kikuyu grass, B. decumbens, guinea grass and star grass incubated with harvested ruminal micro-organisms at different nitrogen (ammonium bicarbonate) concentrations (0, 25, 50, 100 and 200 mg N/l) are in Table 3 . There were differences in parameters between feed sources and, in general, the overall in¯uence of increasing the level of nitrogen concentration from 0 to 200 mg N/l was to increase digestibility and rate of fermentation and to decrease the lag. The response to NH 3 concentration with particular substrates varied for both the fractional rate and lag.
The asymptotic gas production from the fermentation of NDF (B) and NDF digestibility of cellulose, wet season kikuyu grass, B. decumbens and guinea grass incubated in nitrogen free medium were signi®cantly (P`0X05) lower than those incubated in 25, 50, 100 and 200 mg N/l, whereas the asymptotic gas production (B) and A is the gas produced at 4 h and B, C and Lag are parameters obtained by ®tting the gas production data, corrected for A, to the equation: Gas B1 À exp ÀCtÀLag where B is the asymptotic gas production from fermentation of NDF, C the fractional rate of gas production and Lag is the time taken for gas production from B to begin.
c There were no differences in parameters due to method of preparation of micro-organisms.
NDFD of star grass were not in¯uenced by the availability of N. However, there were no differences in asymptotic gas production from the fermentation of NDF (B) and NDFD of cellulose, wet season kikuyu grass, B. decumbens and guinea grass when the nitrogen concentration increased from 25 to 200 mg N/l. The rate of gas production from fermentation of the NDF (C) of cellulose, wet season kikuyu grass, B. decumbens and guinea grass increased (P`0X05) as N concentration b B, C and Lag are parameters obtained by ®tting the gas production data to the equation:
ÀCtÀLag where B is the asymptotic gas production from fermentation of NDF, C the fractional rate of gas production and Lag is the time taken for gas production from B to begin. * P < 0.05; ns: P > 0.05.
increased from 0 to 100 mg/l, after which there was no response to N concentration. In contrast, the rate of gas production from fermentation of the NDF of star grass increased (P`0X05) until the N concentration reached 50 mg N/l, above which no further response was seen. The lag phase before the fermentation of NDF began in guinea and star grass decreased (P`0X05) as the N concentration increased from 0 to 50 mg N/l but thereafter there was no effect of N concentration. The lag for cellulose, wet season kikuyu grass and B. decumbens appeared to be more sensitive to nitrogen concentration, declining (P`0X05) until the concentration of nitrogen reached 100 mg N/l.
Discussion
The effect of harvesting ruminal microbes on gas production dynamics
In order to investigate the effect of nutrient availability on degradation characteristics of feeds, the potential endogenous supply of the speci®c nutrient under study should be considered. For the in vitro gas production technique, endogenous supplies of fermentable nitrogen will be present in strained ruminal¯uid. Results indicate that microbes can be harvested from ruminal¯uid without altering the gas production degradability parameters using the centrifugation speeds recommended by Henning et al. (1991) . This increases the potential use of the in vitro gas production technique by enabling more precise control of the nature of the microbial inoculant. It also permits microbial concentration to be controlled, variation in which has been shown to in¯uence the pattern of gas production observed (Jessop and Herrero, 1998) .
In¯uence of nitrogen concentration on gas production dynamics and NDFD
The primary objective of this work was to study the effect of N availability on the degradability and digestibility of NDF, and results show that each was sensitive to the availability of N. A change in NDFD might be the cause of differences in the asymptotic gas production from the fermentation of NDF (ml) between feed samples incubated either in zero ammonia concentration (the clari®ed inoculum contribution was about 4.9 mg N/ l) or at another ammonia concentration (25, 50, 100 and 200 mg N/l) . This could be due to a de®ciency of nutrient supply to the microbes in the form of ammonia which would reduce the ef®ciency of rumen microbial growth, and so the maximal fermentation achieved. Dryhurst and Wood (1998) , found that ammonia concentrations of 0, 20, 40, 80, 120 and 165 mg N/l did not alter total gas production and DMD of barley straw when the incubation time was extended to 166 h. However, the N concentration in their study was an underestimate of the true concentration of N available to the microbes, since fermentable N would have been available from the inoculant (i.e. stated as 28 mg N/l) and from the feed source.
Stoichiometric relationships have shown that about 0.47 ml of gas should be produced per mg of NDF fermented (Wolin, 1960; Herrero and Jessop, 1996) . Using the NDFD value (Table 3 ) of pure cellulose incubated at an ammonia concentration of zero to estimate total gas predicted to be produced from the fermentation of NDF, it can be calculated that about 92 ml gas should be produced from 200 mg DM cellulose with a digestibility of 97.8% whereas the actual total gas observed was 80.1 ml. It may be that NDFD of pure cellulose was overestimated due to a reduction in particle size over the course of the incubation to the extent where some undegraded material was able to pass through the pores of the sintered glass crucible and assumed to have been fermented. Thus, care should be taken when using a modi®ed micro technique (Pell and Scho®eld, 1993) to measure the NDFD of feed.
Results also indicate that the fractional rate of gas production for cellulose, B. decumbens, guinea and wet season kikuyu grass increased as the ammonia concentration increased up to a value of 100 mg N/l, in agreement with work in vivo (Hume et al., 1970) and in vitro (Tilley and Terry, 1963; Oosting et al., 1989) . It is also consistent with the study of Dryhurst and Wood (1998) , using an in vitro gas production technique based on Theodorou et al. (1994) if the contribution of N supplied by the inoculum was considered. For star grass, which has the lowest fermentation rate of the substrates used,`C' increased only up to an ammonia concentration of 50 mg N/l and NDFD was not sensitive to ammonia concentration. These responses were similar to values reported in vitro (Satter and Slyter, 1974) and in situ (Krebs and Leng, 1984, using for oaten chaff; and Boniface et al., 1986) .
The different responses between substrates in fractional rates and extents of fermentation to the availability of N could be related to the relationship between carbohydrate availability and the N requirement as suggested by Erdman et al. (1986) . The effect of the availability of both N and digestible NDF (dNDF(NDF Â NDFD)) on the rate of gas production is in Fig. 1 . It represents interpolation from the data derived and illustrates the interaction between ammonia concentrations and feed samples for the rate of gas production. Clearly, the rate of gas production was dependent on the availability of both N and fermentable carbohydrate. As dNDF increased, so a higher level of fermentable nitrogen availability was required, in agreement with Erdman et al. (1986) . Fig. 1 . The effect of nitrogen (N (mg/l)) and digestible NDF (dNDF (mg/200 mg NDF)) availability on the rate of gas production (C (h À1 )).
An ammonia concentration of 100 mg N/l was suf®cient to enable a fractional rate of cellulose fermentation of 0.1 h À1 , which is the potential rate of fermentation of this substrate (Weimer, 1996) .
Responses in the extent of disappearance of barley DM in situ (Mehrez et al., 1977) or effective degradability of feeds (Erdman et al., 1986) have been reported to concentrations of ruminal ammonia in excess of 100 mg N/l. In these cases the potential rate of degradation of the feedstuff was greater than those in this study due to the high starch content of the feeds. The high starch content may also have favoured the dominance of a different microbial population (amylolytic versus cellulolytic) to that in this study.
Correcting the balance of N and fermentable carbohydrate supply to rumen microbes ensures that the maximal rate of fermentation is achieved and can improve the degradability of forages (Leng, 1990) . The current studies indicate that the in vitro gas production technique can be used for such investigations.
Conclusions
The results of this study indicated that micro-organisms can be harvested from ruminal uid without altering the subsequent pattern of gas production from a variety of substrates. This enables the in¯uence of substances present in ruminal¯uid to be reduced. Using this procedure, it was shown that the extent of fermentation of NDF generally increased as ammonia concentration increased from 0 to 25 mg N/l, but not thereafter. However, the rate of NDF fermentation increased as the ammonia concentration increased to between 50 and 100 mg N/l depending on the quantity of digestible NDF present in the substrate. This demonstrates that protein±energy interactions can be studied using the in vitro gas production technique.
